Bromus tectorum can transform ecosystems causing negative impacts on the ecological and economic values of sagebrush steppe of the western USA. Although our knowledge of the drivers of the regional distribution of B. tectorum has improved, we have yet to determine the relative importance of climate and local factors causing B. tectorum abundance and impact. To address this, we sampled 555 sites distributed geographically and ecologically throughout the sagebrush steppe. We recorded the canopy cover of B. tectorum, as well as local substrate and vegetation characteristics. Boosted regression tree modeling revealed that climate strongly limits the transformative ability of B. tectorum to a portion of the sagebrush steppe with dry summers (that is, July precipitation <10 mm and the driest annual quarter associated with a mean temperature >15°C) and low native grass canopy cover. This portion includes the Bonneville, Columbia, Lahontan, and lower Snake River basins. These areas are likely to require extreme efforts to reverse B. tectorum transformation. Our predictions, using future climate conditions, suggest that the transformative ability of B. tectorum may not expand geographically and could remain within the same climatically suitable basins. We found B. tectorum in locally disturbed areas within or adjacent to all of our sample sites, but not necessarily within sagebrush steppe vegetation. Conversion of the sagebrush steppe by B. tectorum, therefore, is more likely to occur outside the confines of its current climatically optimal region because of site-specific disturbances, including invasive species control efforts and sagebrush steppe mismanagement, rather than climate change.
INTRODUCTION
Bromus tectorum, cheatgrass, occupies large expanses of sagebrush steppe in western North America (Bradley 2009 ), where its dominance in the understory negatively affects the abundance and diversity of native shrubs, bunchgrasses, and herbaceous plant species (for example, Young and Clements 2009) . A positive feedback between B. tectorum and fire exacerbates this negative impact, which further increases B. tectorum abundance (for example, Mack 2011) . The causes of pre-fire dominance of B. tectorum in the sagebrush steppe have been attributed to the long history of intense overgrazing of native herbs and bunchgrasses (for example, Young and Clements 2009 ) and the destruction of biological soil crusts (for example, Reisner and others 2013) . However, large-scale regional differences in B. tectorum dominance within the sagebrush steppe suggest other drivers must also be important, given that overgrazing is widespread in the sagebrush steppe.
Mounting evidence suggests that climate is an important factor affecting the ability of B. tectorum to invade and transform sagebrush steppe into plant communities dominated by annual species. For example, B. tectorum dominance is not expected in upper elevation mountain big sagebrush steppe with summers of high precipitation and cool temperatures (for example, Chambers and others 2014a, b) . Other studies have pointed to high winter precipitation combined with summer drought as the necessary conditions favoring the ability of this winter annual to dominate and thus potentially transform sagebrush steppe (for example, Knapp 1996; Bradford and Lauenroth 2006; Bradley 2009; Bradley and others 2009; Leger and others 2009; Zelikova and others 2013; Taylor and others 2014) . These particular climate regimes are most likely to occur in Wyoming big sagebrush steppe (for example, Chambers and others 2014a, b; Davies and others 2014) . However, we still do not know how general these findings are across the entire sagebrush biome, how much variation there is within and between sagebrush associations, nor have these predictions been ground-validated with actual field measurements of B. tectorum abundance.
Our field studies of plant biodiversity in the western North American sagebrush steppe have revealed that within just Wyoming big sagebrush steppe, B. tectorum dominance is far from ubiquitous (Brummer and others 2013; Lavin and others 2013a, b; Quire 2013; Taylor and others 2014) . For example, in the Wyoming big sagebrush steppe of the upper Snake River plains of southeastern Idaho, B. tectorum, although present, does not dominate no matter the local conditions-including following fire (Taylor and others 2014) .
We expanded field studies of B. tectorum abundance to include the entire geographical dimension of the western North American sagebrush steppe. We test the hypotheses that the transformative ability of B. tectorum has been limited to a distinct geographical subset of sagebrush steppe and, given a long history of overgrazing throughout this biome that climate is the primary driver of B. tectorum dominance and impact. This study represents the first regional scale survey and modeling of B. tectorum abundance using on-the-ground measurements. Understanding the most important drivers of B. tectorum abundance will help us predict the current and future distribution and impact of B. tectorum, and help narrow down precisely where this annual grass is a potentially significant invasive plant species.
METHODS

Sample Sites
Our reconnaissance fieldwork informed the design and site-selection variables for this study. Beginning with a plant biodiversity survey of intact sagebrush steppe within the Walker River area of California and Nevada (Lavin 1983) Table 1) . We located megatransects along primary and secondary highways and main gravel roads. Using main roads facilitated multi-year acquaintance with study sites. We found that the ecological condition of sagebrush steppe near main roads (but away from road verges), as measured by an abundance and diversity of native shrub, herb, and grass species, was equivalent to that located at remote sites (M. Lavin, personal observation).
Along each megatransect, when we haphazardly sampled sites each time, one of our pre-defined local variables changed (for example, from unburned to burned or from tall-to short-statured sagebrush steppe; Table 1 ; variables 18-26). Sample sites ranged 5-51 per megatransect and totaled to 555 (Supplemental Figure 1 ; Supplemental Appendix 1). The range in length and number of sample sites per megatransect was due to the patchiness of sagebrush steppe (for example, Welch 2005). We did not locate our sample sites prior to field work because digital data layers of our local variables do not exist for the entire area of interest. We posted photographs of sample sites to https:// www.flickr.com/photos/plant_diversity/collections/ 72157635340665540/.
At each sample point, we delineated a 1-hectare area of sagebrush steppe away from the road such that B. tectorum abundance along the roadside, Drivers of B. tectorum Dominance in Sagebrush Steppe The difference between maximum mean temperature during the warmest month (bio5) and minimum mean temperature during the coldest month (bio6) 4. Mean temperature of wettest quarter (Bio8)
The wettest quarter (C) was determined for each sample site 5. Mean temperature of driest quarter (Bio9)
The driest quarter (C) was determined for each sample site An abundance of perennial native grasses and herb might serve as proxies for the degree of historical disturbance 21. Native herb canopy cover An abundance and diversity of native perennial herbs suggests a history of minimal disturbance (for example, Lavin and others 2013a, b) which is likely associated with some site-specific disturbance (for example, road grading, mowing, and herbicide application), was not sampled. In every case B. tectorum inhabited the roadside but not necessarily the nearby sagebrush site. Restricting our sampling of sagebrush steppe to sites that either harbored or were adjacent to stands of B. tectorum removed the potential for dispersal limitation to confound our results. Our sampling protocol targeted sagebrush steppe in open expanses, on gentle topography, and not adjacent to forests and woodlands, which limited local influences such as slope and aspect. Most of our sites showed evidence of historical or current overgrazing, as is common across the entire biome (for example, Young and Sparks 2002; Welch 2005; Young and Clements 2009; Davies and others 2011) . This evidence included trampling, low native grass canopy cover, and low native perennial herb and shrub diversity. Because disturbance, inclusive of grazing, lowers the resistance of sagebrush steppe to B. tectorum invasion (Anderson and Inouye 2001; Bradford and Lauenroth 2006; Chambers and others 2014a, b) , we assumed that the intensity and history of grazing were homogeneous throughout the sagebrush steppe and across all of our sample sites. Our sample sites had no visible evidence of heavy human disturbances, such as invasive species control efforts via local herbicide application, localized sagebrush eradication efforts, or construction and energy exploration projects.
We also sampled recently burned sagebrush vegetation. These sites included, for example, the July 2010 Jefferson fire on the Idaho National Lab (109,000 acres) with little if any B. tectorum recolonizing as of September 2015, and the July 2012 Long Draw Fire in southeastern Oregon (557,648 acres) with B. tectorum as abundant in unburned as in burned sagebrush steppe as of September 2015. Our multi-year acquaintance with these and all our sample sites ensured that our recorded abundances reflected long-term conditions.
Our sagebrush steppe sample sites were dominated by shrub and subshrubs including species of Artemisia, Atriplex, Chrysothamnus, Ericameria, Eriogonum, Grayia, Haplopappus, Krascheninnikovia, Leptodactylon, Sarcobatus, and Tetradymia (taxonomic nomenclature follows Cronquist and others 1972 through others 2012, and Lesica 2012) . The 14 taxa of shrubby and subshrubby Artemisia that dominated or co-dominated our study sites included A. arbuscula (little sagebrush), A. bigelovii (dwarf sagebrush), A. cana subsp. cana and subsp. viscidula (silver sagebrush), A. filifolia (sand sagebrush), A. frigida (fringed sagebrush), A. nova (black sagebrush), A. pedatifida (birdsfoot sagebrush), A. pygmaea (pygmy sagebrush), A. spinescens (bud sagebrush), Artemisia tridentata subsp. The dataset of 555 sample sites by 135 site descriptors and predictor variables is posted to http://www.montana.edu/mlavin/data/brtesites.txt (Supplemental Appendix 1).
Drivers of B. tectorum Dominance in Sagebrush Steppe
tridentata (basin big sagebrush), Artemisia tridentata subsp. vaseyana (mountain big sagebrush), A. tridentata subsp. wyomingensis (Wyoming big sagebrush), or A. tripartita (three-tip sagebrush).
The Response
We recorded canopy cover of B. tectorum within sagebrush steppe vegetation using the Daubenmire method (Daubenmire 1959; Coulloudon and others 1999) . We estimated canopy cover within 1-hectare plots using 20 randomly positioned Daubenmire frames (20 by 50 cm) viewed from directly above. We modified the Daubenmire cover classes to include a canopy cover class of ''0.'' Our multiyear reconnaissance of all 555 study sites ensured that our one-time scoring of abundance did not reflect a period of below-average annual precipitation or other idiosyncrasies. Daubenmire cover classes were converted during data analyses to midpoint proportions: 0 = 0, 1 = 2.5%, 2 = 15%, 3 = 37.5%, 4 = 62.5%, 5 = 85%, and 6 = 97.5%. We wanted our response variable to differentiate areas that generally harbored high levels of B. tectorum canopy cover versus areas with only trace amounts. This would be an indication of where sagebrush steppe is potentially permanently transformed into introduced annual plant communities 
Predictor Variables
The variables we hypothesized a priori to be potentially important for predicting the abundance of B. tectorum within sagebrush steppe vegetation related to the regional climate and local biotic and abiotic factors. We analyzed 27 variables, which included one site variable (sampling year), 17 climate variables (reduced from 55 bioclimatic and monthly precipitation and temperature variables following a pairwise correlation analysis; Supplemental Figure 2 ), and nine local variables (Table 1). We recorded canopy cover of native grasses and native perennial herbs, two of our local variables, as described above for B. tectorum. We generated raster layers for bioclimatic variables from the PRISM (4 km resolution; PRISM Climate Group 2015) and WorldClim (2.5 arc-minute resolution; Hijmans and others 2005) precipitation and temperature raster layers using the R statistical program (R Core Team 2015) and the dismo package (Hijmans and others 2015a 
Modeling Approach
We used a boosted regression tree (BRT) approach to determine the importance of climate and local biotic and abiotic factors in predicting the abundance of B. tectorum within the sagebrush steppe. BRT modeling involves highly flexible algorithms that overcome many of the shortcomings of traditional linear modeling and model selection (Elith and others 2008) . BRTs produce powerful models by building many simple classification/regression trees in sequence, each time explaining more of the residual variation in the dataset until reaching the optimal prediction error. BRT modeling allows for non-linear responses and interactions among variables. They are also robust to multicollinearity of predictors and outliers. The approach avoids overfitting by identifying the tradeoff between prediction accuracy and generalizability using crossvalidation, assuming an appropriately defined outof-sample population. All BRT analyses involved the ''brt.step'' function in the ''dismo'' package (Hijmans and others 2015a) . Appropriately formulating the cross-validation procedure is the key for assuring the estimates of model predictive power and generalizability are accurate (Wenger and Olden 2012) . Spatial autocorrelation in environmental predictors can lead to overestimates of model predictive performance, so we adopted a fivefold cross-validation procedure that randomly selected megatransects to be assigned to folds. Because we defined megatransects by region, training data in the cross-validation routine were never close to the data used for testing and this ensured that our estimates of model performance were not biased by spatial autocorrelation. To assess model performance and generalizability, we used prediction R 2 (cross-validation R 2 abbreviated R 2 cv; Efron 1983). R 2 cv is the prediction residual sums of squares divided by the null sums of squares, and thus represents the best estimate of the model's ability to predict to independent data.
Our first analysis determined the predictor variables that significantly improved model performance, enabling us to select variables for cur-rent and future predictions. We carried out an analysis that removed each variable individually from the full model. The change in R 2 cv between the full model and a model with one variable removed was compared using a t test. The fivefold cross-validation routine was carried out 50 times, with megatransects being randomly assigned to different folds at each run in order to capture the variation in R 2 cv dependent on fold assignment. The stochastic model fitting error is also included in this variation, although other analyses that separated the two showed it was much smaller than the variation from fold assignment. After Bonferroni correction, we retained variables in the final model if R 2 cv was significantly degraded with its exclusion (a one-sided t test was performed to look at model degradation rather than model improvement).
Our second analysis determined the relative importance of the set of predictor variables selected from the single-variable removal analysis. Relative importance is a measure of how often a variable is used in the splitting algorithm as well as the amount of variation accounted for by the split, thus we used it as a measure of the effect size of each predictor. The fivefold cross-validation routine was randomized 500 times to estimate the 95% quantile intervals of relative importance. 
Prediction Mapping
We generated prediction maps under current and future climate scenarios using BRT models of B. tectorum canopy cover as a function of climate variables with the 'predict'' function in the raster package. We used the 2003-2014 PRISM climate grids for current climate scenarios. The 2061-2080 WorldClim models (http://www.worldclim.org/ cmip5_2.5m) provided future estimates of climate conditions. These involved the downscaled global climate model (GCM) data from CMIP5 (IPPC Fifth Assessment), at 2.5 arc-minutes resolution (rcp45). Future WorldClim models included CCSM4, CNRM-CM5, GFDL-CM3, GFDL-ESM2G, GISS-E2-R, HadGEM2-AO, INMCM4, IPSL-CM5A-LR, MIROC-ESM, and MPI-ESM-LR. We chose these 10 to best align with those used by Bradley (2009) . Following Beaumont and others (2008) , Buisson and others (2010) , Mote and others (2011) , and Vano and others (2015) , we analyzed the output of each of these 10 different future climate models to generate composite prediction maps, which included the minimum, mean, maximum, and standard deviation of predicted future abundances of B. tectorum.
To determine the degree of projection into novel covariate space on our prediction maps, we used the extrapolation detection (ExDet) program, which determines extrapolation based on the Mahalanobis distance (Mesgaran and others 2014) . We generated raster layers of individual climate variables as scored for each of our 555 sample sites. We used these layers as the reference data. Our projection data comprised raster layers for each of the climate variables derived from current (PRISM) and future (WorldClim) climate models for the sagebrush biome. By combining the reference and projection data, we were able to inspect the prediction maps for the location and extent of type 1 (univariate) and type 2 (multivariate) novelty.
Limits of Our Study
Given our large geographic scope, we limited local site variables to those we could collect uniformly across the entire study area and that did not vary at scales smaller than 1 hectare, such as soil temper- ) for the full model (containing all predictors) compared to models with one predictor removed. The top point and associated error bars represent the mean (vertical dashed line) and ±1 standard deviation of the R 2 cv of the full model. The other points and associated error bars are for models with one predictor removed (reported on the y-axis). The P value column reports the significance of a Bonferroni-corrected onesided t test between the full model R 2 cv and the model with one predictor removed. An asterisk indicates a predictor whose removal significantly lowered model performance.
ature and moisture. Thus, we did not classify our sites into types of vegetation other than recording the most dominant 2-3 shrub and grass species. We also did not sample substrate data other than for gross characteristics (Table 1 , variable #'s 24-26). We also limited our scoring of canopy cover to B. tectorum, native perennial herbs, and native grasses. (Figure 2 ). Relative importance sums to 100 across the four variables. The 95% error bars were calculated from the empirical quantiles of 500 runs of the model fitting routine, randomizing transect assignment to folds between runs. Thus, it incorporates variation due to the cross-validation and model fitting. 
RESULTS
Of our 555 sample sites, 186 had a canopy cover of B. tectorum of at least 25% (Daubenmire cover class ‡3; Figure 1 ). Of these 186, 145 were dominated by Wyoming big sagebrush, 15 were dominated by shrubby Chrysothamnus or Ericameria in otherwise Wyoming big sagebrush steppe, and 16 sites were dominated by salt desert shrubs in the Amaran- Figure 5 . Prediction and extrapolation detection maps of B. tectorum canopy cover (BRTE abund) or where it is potentially transformative of the sagebrush steppe (bounded by the polygon). A. Predicted current canopy cover as a function of July precipitation (prJul) and bioclimatic variable 9 (Bio9). Scale bar refers to % canopy cover of B. tectorum. B. Extrapolation detection analysis of current climate data revealing mostly univariate novelty within the sagebrush steppe. Scale bar refers to Bio9 scored as 1 and prJul scored as 2. C. Predicted future canopy cover. Scale bar refers to % canopy cover of B. tectorum. D. Extrapolation detection analysis of future climate revealing mostly univariate novelty within the sagebrush steppe. Because extrapolation is mostly univariate, the degree of gray shading (1-10) represents the consistency of regions of Bio9 extrapolation and the degree of black shading (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) represents the consistency of regions of prJul extrapolation. See Figure. 1 
Predictor Variables of B. tectorum Abundance
Our analysis identified July precipitation, mean temperature of the driest quarter (Bio 9), native grass canopy cover, and the dominance of Agropyron cristatum as the significant predictors of B. tectorum abundance across the sagebrush steppe biome (Figure 2 ). The final model with four variables had an R 2 cv of 0.49 (95% confidence interval from 0.44 to 0.55 from the quantiles of 500 randomizations of the transect assignment to folds). July precipitation was the most important, followed by mean temperature during the driest quarter (Bio 9; Figure 3 ). Two variables associated with biotic interactions, native grass canopy cover and Agropyron cristatum as the dominant grass, had significant effects on B. tectorum canopy cover (Figures 2, 3 ). Canopy cover of B. tectorum was related to July precipitation and mean temperature of the driest quarter in a threshold-type response. Sites with less than 10 mm of July precipitation and temperatures of the driest annual quarter generally greater than 15C were associated with high B. tectorum abundance (Figure 4A , B; Supplemental Figure 5 ). Canopy cover of native grasses of at least 25% was associated with little or no canopy cover of B. tectorum ( Figure 4C ). Agropyron cristatum as the dominant grass corresponded to low abundance of B. tectorum ( Figure 4D ).
Predicting Current and Future Impact
Where B. tectorum potentially can transform expanses of sagebrush steppe mainly in four large low-elevation basins ( Figure 5A ). These include the Bonneville Basin of mainly central Utah, the Columbia Basin of mainly southeastern Washington, the Lahontan and nearby Pleistocene lake basins (for example, Alvord, Meinzer, Surprise, Warner) of the northwestern quadrant of Nevada and adjacent northeastern California and southeastern Oregon, and the lower Snake River plains of southwestern Idaho and adjacent Oregon. Minor regions of high abundance B. tectorum within sagebrush steppe include the Big Horn Basin of northcentral Wyoming and low-elevation regions along the border of Utah and Colorado ( Figure 5A; for example, around Vernal, Dinosaur National Monument, and Grand Junction). Our extrapolation detection analysis on the current climate conditions revealed little type 1 (univariate) and essentially no type 2 (multivariate) novelty within the sagebrush steppe ( Figure 5B ).
Where B. tectorum potentially can transform expanses of sagebrush steppe could possibly remain within the main large geographical basins where most of the transformation has already occurred ( Figure 5C; Supplemental Figure 6 ). The eastern and southern tiers of the sagebrush steppe, which include large expanses of Wyoming big sagebrush steppe, are not predicted to be vulnerable to transformation by B. tectorum. Our extrapolation detection analysis suggested little if any type 2 (multivariate) novelty. Of the type 1 (univariate) novelty for the future prediction, we are extrapolating to some degree within the Columbia, Bonneville, Lahontan, and Lower Snake River Basins with respect to mean temperature of the driest quarter (Bio9; Figure 5D ).
We did not detect a significant relationship of B. tectorum abundance with burn status (burned vs. unburned) and abundance of perennial native herbs (Table 1, variables 22 & 26) . Our sampling design specifically included geographically proximal sample sites that differed with respect to these two variables. These results (Figure 2 ) confirm our field observations across the sagebrush steppe that sites in close proximity that differ in burn status and perennial native herb abundance tend to have similar levels of B. tectorum canopy cover.
DISCUSSION
Our study suggests that climate places a geographical constraint on the transformative ability of B. tectorum within the sagebrush steppe biome (Figures 1, 5A) . Much of the sagebrush steppe remains unaffected by B. tectorum in spite of a long history throughout the biome of intensive livestock grazing, range conversion and improvement projects, grazing management programs (Twain 1872; Douglas 1961; Carson 1962; and Young and Sparks 2002; Young and Clements 2009 ), a recent increase in fire frequency (Baker 2011) , and energy extraction and exploration (for example, Davies and others 2011) . This degree of disturbance, which has led to the current degraded and fragmented condition of the sagebrush steppe (Knick 1999; Welch 2005) , has not necessarily augmented the transformative ability of B. tectorum.
This interpretation stands in contrast to the finding that many semi-arid ecosystems in western Chambers and others 2014a, b; Taylor and others 2014) suggest that cool or moist summers are limiting to B. tectorum abundance. Leger and others (2009) and Prevé y and Seastedt (2014) suggest that winter growth of B. tectorum provides its competitive edge against native plants in the sagebrush steppe. Knapp (1996) implicated that winter precipitation was maximum followed by dry summers, which reflect the Mediterranean climate conditions, where B. tectorum evolved, as explaining the success of this annual in the Great Basin. We find that sagebrush steppe has the greatest potential to shift irreversibly to B. tectorum dominance in the extensive low-elevation areas of the Bonneville, Columbia, Lahontan, and adjacent Pleistocene Lake (for example, Reheis 1999), and lower Snake River basins where summers are very arid (for example, July precipitation <10 mm and mean temperature of the driest quarter >15C).
The transformative ability of B. tectorum is restricted to a geographical subset of Wyoming big sagebrush steppe and is mostly absent in sagebrush steppe dominated by other taxa of shrubby Artemisia. Mountain big sagebrush steppe (dominated by A. tridentata subsp. vaseyana) has summer precipitation that enhances perennial grass growth and impedes B. tectorum dominance, which facilitates its restoration (Davies and others 2011; Chambers and others 2014a, b; Nelson and others 2014; Knutson and others 2014) . This must also be true of sagebrush steppe dominated by A. arbuscula, A. cana, or A. tripartita, which also occur in summer-productive settings. Similarly, sagebrush steppe dominated by A. bigelovii, A. filifolia, A. nova, A. pedatifida, or A. pygmaea has low potential for B. tectorum dominance because they also occur where the warm months are on average wetter than cold months of the year.
Artemisia spinescens never dominated any of our sample sites but always occurred within Wyoming big sagebrush steppe co-dominated by salt desert shrubs of the Amaranthaceae (Atriplex, Grayia, and Krascheninnikovia) and Sarcobataceae (Sarcobatus) or within pure salt desert vegetation. Such salt desert vegetation containing A. spinescens is not necessarily resistant to B. tectorum dominance (for example, Knapp 1996; Haubensak and others 2009; Young and Clements 2009; and Chambers and others 2014a) . This is not surprising given that these vegetation types are common at the lower elevations of the Big Horn, Bonneville, Columbia, Lahontan, and lower Snake River basins. Outside of these basins, we found Wyoming big sagebrush steppe co-dominated by Amaranthaceae and Sarcobataceae shrubs or salt desert with A. spinescens to be devoid of B. tectorum. Thus, we conclude that climate is the important determinant of B. tectorum dominance in such sagebrush vegetation.
Our predictions of changes in B. tectorum abundance continue to show high abundance mainly in the Bonneville, Columbia, Lahontan, and Lower Snake River basins. Still and Richardson (2015) generally show Wyoming big sagebrush as having a 50-75% probability of contracting in these same four large basins by 2050. The potential warmer and drier future climates of these four large basins could cause the Wyoming big sagebrush steppe to become dominated by other shrubby species that are already locally common (for example, species of Atriplex, Grayia, Krascheninnikovia, other genera of Amaranthaceae and Sarcobataceae, other species of shrubby Artemisia, and other genera of shrubby Asteraceae). While Still and Richardson (2015) modeled the distribution of the taxon Artemisia tridentata subsp. wyomingensis, we are modeling the abundance of B. tectorum throughout the sagebrush steppe and associated shrub steppe vegetation. Our results suggest that the abundance of B. tectorum does not depend on Wyoming big sagebrush abundance, which is exemplified by the abundance of B. tectorum in salt desert vegetation from the aforementioned large basins.
Fire and native perennial herb abundance accounted for little of the variation of B. tectorum canopy cover over the entirety of the sagebrush biome. Geographically nearby sites differing in burn category generally had similar levels of B. tectorum abundance, which is consistent with the findings reported in Knutson and others (2014) . This finding is inconsistent with the proposed importance of the positive feedbacks between fire and B. tectorum abundance. An increase in B. tectorum abundance increases fire frequency, which further increases B. tectorum abundance, biomass, or seed production (reviewed in Balch and others 2013; Taylor and others 2014) . In contrast, Young and Clements (2009) suggest fire can sometimes reduce B. tectorum abundance at least during the short term. Because of climate constraints, post-fire B. tectorum abundance may simply be a function of pre-fire abundance in the sagebrush steppe.
Similarly, geographically neighboring sites differing in levels of perennial native herb canopy cover were chosen as part of our study design. Such site comparisons showed little differences in B. tectorum canopy cover. This contrasts to others (2007, 2014a, b) , who found that high abundance of native perennial herbs was negatively correlated with B. tectorum abundance. However, Lavin and others (2013a) found that Wyoming big sagebrush steppe differing in degrees of disturbance and levels of B. tectorum abundance were occupied by different assemblages of native perennial herbs. Wyoming big sagebrush with frequent disturbance regimes harbored native perennials belonging to taxa such as Antennaria, herbaceous Artemisia, Fabaceae excepting Neo-Astragalus, Grindelia, Heterotheca, Malvaceae, Oxytropis, Rumex, Solidago, Symphyotrichum, and Vicia. These taxa were absent or rare in Wyoming big sagebrush steppe that was undisturbed and with little or no B. tectorum. These results are in line with those of Seefeldt and McCoy (2003) , who found no relationship between disturbance regime via grazing and fire and the alpha diversity of herbaceous plant species in three-tip sagebrush (A. tripartita) steppe of southwestern Idaho. Therefore, the relationship of native perennial herb abundance and diversity with disturbance (including an abundance of B. tectorum as a proxy for disturbance) needs more investigation, especially with respect to beta diversity and phylogenetic beta diversity rather than alpha diversity (for example, Lavin and others 2013a).
CONCLUSIONS
Our findings suggest that B. tectorum is transformative only in a subset of the total range of the sagebrush steppe. Outside of the climatic conditions that promote B. tectorum invasiveness, it is likely to dominate only in areas of heavy physical disturbance (for example, Lavin and others 2013a). Thus, restoration efforts in these areas should limit disturbance (for example, conservative livestock grazing regimes). Direct interventions should focus on low disturbance methods such as broadcast seeding. Higher disturbance methods, such as drill seeding and herbicide use, are likely to be counterproductive given that they can impede native grass recovery (for example, Ratzlaff and Anderson 1995; Knutson and others 2014) and thereby increase B. tectorum abundance or the likelihood of reinvasion.
Within the climatic conditions where B. tectorum is highly abundant, restoration efforts will necessarily be more extreme and costly. We did find that Agropyron cristatum suppresses B. tectorum, which supports other's suggestions as using it as a tool in the assisted succession restoration method (for example, Cox and Anderson 2004; Young and Clements 2009; Blank and others 2015) . However, the use of A. cristatum is controversial as it can become invasive and be a strong competitor of perennial bunchgrasses (for example, Gunnell and others 2010; Knutson and others 2014; Nafus and others 2015) .
The mean projections of B. tectorum abundance under future climates suggest that this annual will remain transformative where it is at present but it is unlikely to dramatically expand the area where it transforms ecosystems. However, some of the climate projections indicated the potential for relatively large expansion of the area where B. tectorum is highly abundant. Thus, uncertainty remains regarding the future extent of the transformative ability of B. tectorum.
